Positive and negative subnatural-width resonances ͑SNWR͒ were observed in the absorption and fluorescence of rubidium vapor under excitation by two copropagating optical waves with variable frequency offset. The two optical fields resonantly couple Zeeman sublevels, belonging to the same ground-state hyperfine level ͑GSHL͒, to an intermediate excited state. The SNWR present opposite signs depending on which GSHL participates in the interaction with the two optical waves. For both Rb isotopes an increase in the transparency with reduced fluorescence occurs for the lower GSHL while the absorption and fluorescence are increased for the upper GSHL. The influence of external magnetic field, polarization, and intensity of applied optical fields on the SNWR is examined. The narrowest observed resonance has a width of 10 kHz ͑full width at half maximum͒. The origin of the SNWR is discussed in terms of coherent processes involving ground-state Zeeman sublevels.
I. INTRODUCTION
The coherent superposition of atomic states induced by resonant radiation forms the base for a wealth of interesting phenomena in nonlinear laser spectroscopy. In most cases, the new phenomena are the consequence of quantum interference between dressed states ͓1-3͔. Among these phenomena, coherent population trapping ͑CPT͒ ͓2-5͔, electromagnetically induced transparency ͑EIT͒ ͓6,7͔, enhancement of the refractive index without absorption ͓8͔, and lasing without inversion ͑LWI͒ ͓9͔ have received considerable attention in recent years. Different atomic three-level configurations, ⌳-type, V-type, and cascade, were examined in relation to the above-mentioned effects.
Besides fundamental interest, these phenomena have promising applications. The suppression of absorption on resonant transitions can lead to large increases in the nonlinear susceptibilities ͓10͔. Coherence induced between groundstate hyperfine levels was used for velocity selection in atomic fountains ͓11͔ and for subrecoil laser cooling ͓12͔. The dispersive properties of an atomic intracavity medium in a dark state were used to stabilize the frequency difference between two laser diodes ͓13͔. Also, the rapidly varying refractive index associated to EIT has been suggested as the base for a high precision magnetometer ͓14͔. Recently EIT was used for isotope discrimination ͓15͔. Narrow atomic absorption resonances and large values of the associated dispersion ͓16͔ are key elements of most if not all of these applications.
In spite of the large activity in the field, the spectral properties of coherently driven atomic media have not yet been studied exhaustively. Most investigations are based on simplified three-level models, while actual systems generally involve more complicated situations due to the magnetic structure of the concerned levels. For instance, EIT and CPT in alkaline-metal atoms in the folded ͑⌳-type͒ level configuration have been observed with both ground-state hyperfine levels participating in the process and with magnetic sublevels considered as degenerate ͓2-4,7,8,16͔ . Only in a few experiments concerned with cold atoms in optical traps was the interaction of several optical fields with the same groundstate hyperfine level ͑GSHL͒ considered ͓17-19͔.
The subject of this paper is the investigation of subnatural-width resonances ͑SNWR͒ induced by coherence among states belonging to the same atomic GSHL of alkaline-metal atoms. The SNWR were observed in the absorption and fluorescence of rubidium vapor illuminated by two mutually coherent copropagating optical waves that resonantly couple Zeeman sublevels belonging to the same GSHL to a common excited state.
Depending on the orientation of the external magnetic field and the polarization of the optical waves, the nearly degenerate atomic system can give rise to a wealth of different level configurations coupled by the optical fields. Some examples are shown in Fig. 1 .
If the polarizations of the two incident fields relative to the magnetic field are different, for instance ϩ and Ϫ , the energy-level structure may correspond to a ⌳ configuration ͓Fig. 1͑a͔͒ or to a more complex multiple coupled level combination ͓Fig. 1͑b͔͒. It has been shown ͓5͔ that CPT can take place in such level configurations provided that the degeneracy of the excited state is smaller than or equal to the degeneracy of the ground state ͓(2Fϩ1)у(2FЈϩ1); F and FЈ are the total angular momentum of the ground and excited state, respectively. In a ⌳ system, the minimum width of the absorption resonance obtained with two copropagating mutually coherent optical waves is given by ⌫ min ϭ␥ 1 ϩ␥ 2 ϩ␥ e (1Ϫ 1 / 2 ), where ␥ 1 ,␥ 2 are the relaxation rates of the lower levels and 1 , 2 are the optical frequencies of the two waves ͓1͔. Consequently, for 1 Х 2 the resonance width approaches ⌫ min ϭ(␥ 1 ϩ␥ 2 ). For atomic ground states, when collisions can be neglected, ␥ 1,2 are very small com-pared to the excited-state relaxation rate. In this case, ⌫ min is determined by the atomic transit time through the interaction region.
On the other hand, if the polarizations of the optical fields are the same ͑both ϩ , Ϫ , or ͒, the level configuration can be thought of as a superposition of two-level systems only coupled to other states through spontaneous emission ͓Fig. 1͑c͔͒. For two-level atoms, two mechanisms are responsible for the nonlinear resonances observed in absorption or fluorescence in a copropagating pump-probe experiment. The first mechanism related to population redistribution gives rise to the familiar saturated absorption resonance of width ⌫ϭ(␥ e ϩ␥ g ), where ␥ e and ␥ g are the relaxation rates of the excited and ground states, respectively. The second more subtle mechanism involves the coherence among the atomic states. As for CPT in a ⌳ system, it gives rise to a narrow resonance whose width is determined by the groundstate decay rate or transit time ͓1,20͔.
The experimental investigation of the response of atomic systems with quasidegenerate ground states driven by mutually coherent optical fields tuned to the same GSHL gives us an opportunity to check the theoretical predictions concerning the possibility of CPT for atomic systems with different level degeneracies. In addition, in the case of a superposition of two-level systems, the atomic response can be compared to two-level atom theory.
II. EXPERIMENTAL SETUP
The response of rubidium vapor to the presence of two copropagating laser fields with variable frequency offset tuned to the D2 line ͑780 nm͒ was examined. The relevant energy levels are shown in Fig. 2 . Notice that the excitedstate hyperfine splitting is smaller than the Doppler linewidth at room temperature: ⌬ D Ϸ530 MHz. The 5 P 3/2 natural width is ␥ e ϭ6 MHz. To achieve the transit time limit of spectral resolution, the mutual coherence of the exciting laser fields is essential while the absolute laser linewidth is less important. The laser linewidth contribution to the spectral width can be estimated as ⌬ 1 ϩ⌬ 2 Ϫ2⌬ 12 . Here ⌬ 1 and ⌬ 2 are the spectral linewidths of the laser waves, and ⌬ 12 is the cross-correlated width ͓3͔.
Several techniques can be explored to generate mutually coherent laser fields. The simplest is the laser frequency shifting by an acousto-optical modulator ͑AOM͒. If both GSHL's participate in the process, a GHz range frequency offset is needed for Rb, Cs, and Na that requires an elaborate setup ͓8,16͔. However, since we concentrate on effects due to coherence involving magnetic sublevels within the same GSHL, a tunable optical frequency offset in the MHz range is sufficient. The required fields are easily generated with two consecutive AOM's.
The experimental scheme is shown in Fig. 3 . The laser used was an extended cavity diode laser. The output power was typically 3 mW at 780 nm in a single mode regime. The laser linewidth was less than 1 MHz. To improve long term frequency stability the laser frequency was electronically locked to the transmission resonances of an external tunable 22-cm-long confocal Fabry-Pérot cavity ͑finesse Ϸ30͒. A small modulation at a frequency around 7 kHz is applied to the position of one of the mirrors of the Fabry-Pérot cavity. The transmitted signal is processed with a lock-in amplifier followed by a proportional and integrating amplifier to generate a correcting signal for laser frequency stabilization. With this system, the laser jitter remains below 1 MHz while the thermal drift is approximately 1 MHz/min ͑the typical spectrum acquisition time is less than 1 min͒. The two mutually coherent laser beams were produced by two AOM's. The undeflected output ͑zeroth order beam͒ of the first AOM ͑driven at a fixed frequency f 1 ϭ200.06 MHz͒ was used as the pump beam. The ϩ1 diffracted order of the first AOM was sent to a second AOM ͑driven at a tunable frequency f 2 ͒ whose Ϫ1 diffracted order was used as the probe beam. We controlled the frequency offset ␦ϭ f 2 Ϫ f 1 between the pump and probe beams by driving the second AOM with the help of a signal generator ͑Hewlett Packard 8647A͒. nificant reduction of the second AOM efficiency. The spectral width of the beat note between the pump and probe waves measured with a RF spectrum analyzer was smaller than the instrument resolution of 1 kHz. A 3-cm-long glass cell containing a mixture of approximately equal amounts of the two Rb isotopes without buffer gas was used. The cell was kept at a temperature close to ambient in order to have a linear absorption of resonant radiation at the Rb D2 lines of approximately 50%. The cell was placed within Helmholtz coils to control the strength and direction of the magnetic field at the sample. The magnetic field could be varied from zero to 2 G in an arbitrary direction. This is sufficient to remove the degeneracy of the ground-state Zeeman sublevels. However, the energy splitting remains below the natural width.
The polarizations of the pump and probe beams were independently set with the use of polarizers and /2 or /4 waveplates. The pump and probe waves were carefully combined with a dielectric beamsplitter into a bichromatic beam. No significant modification of the optical fields polarizations was introduced by the beam splitter or the glass cell. Alternatively, a polarizing cube beamsplitter was used. In this case, the combined optical fields have orthogonal linear polarizations. Using the unmodified combined beam or placing a linear polarizer or a quarterwave plate after the polarizing beamsplitter allows us to switch between linear and orthogonal, linear and parallel, or circular and opposite polarizations, respectively. Similar results were obtained with the two field combining schemes. The total available laser power at the cell was typically 200 W with a pump to probe intensity ratio of approximately 10. When a good optical quality and perfect overlap of the two fields was required, the combined beams were sent along a low-birefringence 50-cm-long single-mode optical fiber placed before the cell. The cross sections and intensities of the beams at the atomic sample were varied with the use of diaphragms, focusing lenses, and neutral density filters.
The light transmitted through the cell was focused into a 5 mm 2 p-i-n silicon photodiode ͑PD #1͒. When the transmission of only one beam was detected, a polarizer was placed between the cell and the photodiode to selectively detect the pump or the probe fields ͑linear orthogonal polarizations͒. The polarizer was preceded by a quarterwave plate for opposite pump and probe circular polarizations. The fluorescence emitted by the atoms was monitored by a large-area (1 cm 2 ) silicon photodiode ͑PD #2͒. To eliminate the background due to linear absorption and to enhance the detection sensitivity we have used a lock-in amplifier together with a mechanical chopper ͑1 kHz͒ to process the signals from the photodiodes. The beam chopped was the pump ͑probe͒ when absorption ͑fluorescence͒ was monitored. A personal computer controlled the frequency offset ␦ϭ f 2 Ϫ f 1 between the two beams and recorded the output of the lock-in amplifier. Figure 4 shows the total fluorescence emitted by the vapor as a function of the probe frequency offset in the case of the resonant transitions arising, respectively, from the two GSHL's Fϭ2 and 3 of 85 Rb. There are several features visible on these broad-scanning-range spectra: ͑a͒ a slow variation of the baseline corresponding to the slope of the Doppler profile; ͑b͒ a Doppler-free resonance with homogeneous width ␥ e ; ͑c͒ A subnatural-width peak or dip situated It must be emphasized that the observed SNWR cannot be explained only as an energy redistribution between the two laser fields. Although such a redistribution cannot be excluded, the fact that the resonances are present on the total absorption of the two beams and on the total atomic fluorescence clearly indicates a modification of the dissipative properties of the coherently driven atomic sample.
III. RESULTS
The amplitude of the observed SNWR depends on the laser polarizations. In general, the signal is larger for orthogonal polarizations than for the same polarizations. The SNWR amplitude can be comparable to or even larger than the amplitude of the Doppler-free resonance. We have observed SNWR corresponding to 20% variations with respect to linear absorption or fluorescence. In the following, we will concentrate on the spectral characteristics of the SNWR.
A. Magnetic-field dependence and selection rules
The external magnetic field breaks the hyperfine level degeneracy introducing a Zeeman splitting ͑see Fig. 5͒ given by
where g F ϭg J ͓F(Fϩ1)ϩJ(Jϩ1)ϪI(Iϩ1)͔/͓2F(Fϩ1)͔ is the composite Landé factor. Consequently, under the presence of a magnetic field the observed SNWR split into several components. We have analyzed the number and positions of the observed peaks for different combinations of the beam polarizations and magnetic-field orientation. The experimental results are summarized in Table I . All observations are consistent with electric dipole selection rules for Raman transitions between Zeeman sublevels of the groundstate involving one photon from the pump beam and another photon from the probe beam. Depending on the polarizations of the fields involved, the initial and final ground-state Zee- man sublevels could differ in 0, ⌬, or 2⌬. As a check, the energy separation between peaks was measured as a function of the magnetic-field strength. The observed energy separation between adjacent Zeeman sublevels was measured to be 0.47 and 0.71 MHz/G for the ground-state levels of 85 Rb and 87 Rb, respectively, in good agreement with the values calculated from Eq. ͑1͒ and previous measurements ͓21͔.
It is interesting to note that for some particular polarizations, for instance ϩ pump and Ϫ probe combination, a single narrow resonance is obtained. The position of this narrow feature relative to zero offset depends on magnetic field. This makes this resonance very attractive for CPTbased magnetometers ͓14͔. Also, it is worth mentioning that we have observed SNWR corresponding to transitions from a given Zeeman sublevel to itself. In such a case, the position of the corresponding peak is not sensitive to the magnetic field. In the particular case of transitions arising from the upper GSHL ͑Fϭ3 for 85 Rb and Fϭ2 for 87
Rb͒ we could not observe SNWR whenever the same polarization was used in the pump and the probe beam. Under similar conditions, the signal is clearly visible for the lower-lying GSHL on both isotopes.
B. Line shape
We have concentrated on the magnetically insensitive peak. The shape of this peak depends on whether one field transmission, the total transmission, or the total fluorescence is monitored. In the case of fluorescence, the line shape closely approaches a Lorentzian function for all intensities used. When the transmission of only one of the two beams ͑pump or probe͒ is monitored, the line shapes visibly differ from a Lorentzian curve for intensities IϾ1 mW/cm 2 . For larger beam intensities the resonance becomes asymmetric approaching a dispersive curve.
C. Linewidth
We have studied the dependence of the SNWR linewidth on different experimental factors. To avoid contributions from magnetic-field inhomogeneities, the measurements were carried on the magnetic-field-insensitive absorption peak with a magnetic field applied to the sample in order to have ⌬ӷ⌫. The SNWR are very sensitive to the angle between the pump and probe beams. A 1 mrad misalignment is enough to clearly reduce the signal amplitude and introduce some broadening. To overcome this problem, both beams were sent through a single mode optical fiber to optimize overlap.
The influence of the time of flight across the light beam on the linewidth was investigated for small laser power. To do this, a variable diaphragm was placed before the cell to vary the diameter of the collimated combined optical beam. Before the diaphragm, the beam has a 1 cm diameter cross section and a divergence of less than 2 mrad. The results are presented on Fig. 6 . The peak linewidth dependence on the inverse of the beam diameter is roughly linear with a coefficient of 110Ϯ20 kHz mm. This value is consistent with the estimated contribution to the linewidth of the atomic time of flight through the illuminated region. For larger beam diameter the linewidth approaches an asymptotic value around 6 kHz. The narrowest observed resonance has a full width at half maximum of 10 kHz ͑Fig. 6͒.
The dependence of the width of the observed resonances on laser power was studied by varying the light intensity with the help of focusing lenses placed at variable distances from the sample and with neutral density filters placed on the overlapped beams while the alignment and polarizations of the beams remain constant. The observations are summarized in Fig. 7 , where the estimated contributions from time of flight and angular misalignment were subtracted. At low intensities the laser power dependence of the linewidth is approximately linear with a coefficient of 0.19 Ϯ0.06 MHz cm 2 /mW ͓3͔. The deviation from linear dependence observed at high intensities may be due to laser beam inhomogeneity within the vapor cell.
IV. DISCUSSION
It is well known that quantum interference can cancel the absorption of an atomic medium. An extensive survey of the theoretical work and the experimental evidence concerning the observation of this effect can be found in ͓3͔. More re- cently, EIT was observed in rubidium and cesium vapor using mutually coherent copropagating optical fields ͓22͔. All these experiments demonstrate an increase in the atomic transparency due to the interaction with the optical fields. The results presented here constitute the first experimental evidence of the opposite effect: electromagnetically induced absorption.
A quantitative description of this phenomenon is presently at the stage of development. Nevertheless we can anticipate that it is related to the differences in structures of atomic level configurations involved in the interaction with radiation.
Let us consider in some detail the experimental situation. We have generally used two optical fields with a frequency offset ␦Ͻ␥ e . In this case, due to the Doppler effect, the radiation excites atoms within three different velocity groups. For each velocity group, a different optical transition arising from the same GSHL is involved. Two of these transitions are so-called open transitions ͑radiative escape from the excited state to the nonresonant GSHL is possible͒. The third one is a cycling transition, for instance Fϭ2→FЈϭ1 and Fϭ3→FЈϭ4 for 85 Rb. Since the time needed for the buildup of subnatural resonances is much longer than the excited-state lifetime 1/2␥ e , hyperfine optical pumping is very efficient ͓23͔. As this causes the depletion of the initial state in the case of the two open transitions, we expect the main contribution to the SNWR to be due to the cycling transition.
For the lower GSHL of alkaline-metal atoms, the cycling transition takes place from a hyperfine level of total angular momentum F to an excited state of angular moment FЈϭF Ϫ1. In such a case, SNWR that correspond to a decrease in the absorption and/or fluorescence were observed for any pump or probe polarization. On the other hand, no decrease in the absorption and/or fluorescence was obtained when the laser frequency was tuned to the upper GSHL, for which the cycling transitions takes place from a ground level of total angular momentum F to an excited state with FЈϭFϩ1. Instead, we observed for all but equal polarizations SNWR that correspond to an enhancement of the fluorescence and/or absorption with similar spectral properties to those corresponding to CPT. Our results confirm the validity of the theoretical predictions of ͓5͔ referred to the existence of CPT states. In addition, a new phenomenon is observed that indicates that when FЈϾF the atomic system is driven into a state with constructive quantum interference in the transition probability to the excited state. At present, the precise determination of the positively interfering state is not available. It will result from a careful examination of the atomic dynamics in the presence of the two driving fields explicitly taking into account the Zeeman structure of the atomic levels. Calculations on these lines are currently underway.
A particular attention should be brought to the existence of a magnetically insensitive SNWR around zero frequency offset when the two optical waves have identical polarizations relative to the magnetic field orientation ͑ ϩ , Ϫ , or ͒. In this case, the fields address an ensemble of almost independent two-level systems only interconnected through spontaneous emission. According to Refs. ͓1͔ and ͓16͔ the coherent evolution of the two-level system gives rise to a narrow resonance in the probe transmission corresponding to an increased transparency. Consistently with this picture, we have observed a magnetically insensitive SNWR corresponding to increased transparency in the case of the lower GSHL using identical pump and probe polarizations. Under similar conditions, no narrow resonance ͑neither positive nor negative͒ was observed for the upper GSHL, suggesting that the increased transparency predicted by the two-level model is compensated by competing effects ͑presumably mediated by spontaneous emission͒.
V. CONCLUSIONS
We have reported the observation of narrow spectral features associated to variations of the dissipative properties of an atomic medium in the presence of two resonant driving fields interacting with the same ground-state hyperfine level. In agreement with theoretical predictions, absorption dips due to CPT were observed for transitions with FуFЈ and not for FϽFЈ for both Rb isotopes. However, for FϾFЈ an unpredicted fluorescence and/or absorption peak was observed. This constitutes the first experimental evidence of electromagnetically induced absorption.
The observations reported here may have interesting applications for techniques relying on rapid variations of the absorption or the refractive index of an atomic medium. For instance, narrow absorption and/or dispersion resonances obtained on the same ground-state hyperfine level present some advantages for CPT-based magnetometers. On one hand, they offer the possibility to get a single magnetically dependent reference line. On the other hand, we have shown that resonances in the kHz range can be produced with a rather simple experimental setup. Finally, the resonance reversal reported here may lead to the observation of new effects such as steep dispersion with arbitrary polarity.
